ABSTRACT: Human noroviruses (HuNoVs) are the major viral pathogens of epidemic acute gastroenteritis. To develop an effective method for mining functional receptors of HuNoVs is the first step to know the interaction mechanism between HuNoVs and their hosts. A novel approach that incorporates the mining of viral receptors was introduced in this study by targeting the P domain of the major capsid protein from HuNoVs (GI.1 or GII.4) onto the surface of Escherichia colivia the N-terminal domain of the ice nucleation protein InaQ (InaQN). Results of growth curves demonstrated that the expression of fusion proteins did not influence the bacterial growth. After optimization of induction conditions, immunofluorescence microscopy was employed to confirm bacterial surface localization and antigenicity. Results revealed remarkable surface display ability and antigenicity properties. Therefore, bacterial surface displayed P domain can be a good candidate for further mining HuNoVs receptors in the environments.
INTRODUCTION
Norovirus belongs to a category of small non-enveloped icosahedral viruses from the Caliciviridae family (Kapikian et al. 1972 ). The genome of norovirus includes approximately 7.5kb single-stranded positivesense RNA with three open reading frames (ORF1-ORF3) (Xi et al. 1990 , Jiang et al. 1993 ). The structural capsid proteins: major (VP1) and minor (VP2) proteins are encoded by ORF2 and ORF3, respectively , Moore et al. 2015) . VP1 binds to functional receptors, such as human histo-blood group antigens (HBGAs) (Tan et al. 2009 ), and determines antigenicity and strain specificity (Hutson et al. 2002 , Tan & Jiang 2005 , Tan et al. 2011 . VP1 is composed of a conserved shell (S) domain and a protruding (P) domain (Moore et al. 2015) . The P domain includes almost all epitopes of noroviruses (Tan & Jiang 2005b ). The amino acid residues in the P domain are responsible for the specificity of receptor binding (Tan et al. 2003 , Tan & Jiang 2005a , Tan et al. 2008 ). The expression of the P domain in Escherichia coli results in dimerization and forms a large complex as P particles (Tan et al. 2008 ).
According to the sequences of ORF2, noroviruses are divided into seven groups (GI-GVII). Noroviruses in GI, GII and GIV, are the causes of acute gastroenteritis. Those viral strains are called human noroviruses (HuNoVs). The viral particles can cause illness via the fecal-oral route of transmission (Dolin 2007) . So, it is a big concern of food safety ). To date, the mechanisms of the pathogenicity and the interaction between HuNoVs and their receptors are difficult to investigate, because they cannot be cultured in vitro. Jones et al (2014 Jones et al ( , 2015 reported a promising method to culture HuNoVs in B cells, but there was still limitation on the source of virus. Thus far, studies on this interaction have mainly relied on the use of virus-like particles (VLPs) and the P domain or animal caliciviruses, including murine norovirus and Tulane virus ). However, VLPs and P domain are difficult to prepare, while animal caliciviruses have different biological characteristics from HuNoVs. Therefore, to develop effective tools for exploring viral receptors is the first step to study the interaction mechanism between HuNoVs and their receptors.
Cell surface display allows peptides and proteins to be presented on a bacterial surface with the help of anchoring motifs ). One of these anchoring proteins in the Gram-negative bacterial system is the ice-nucleation protein (INP) from Pseudomonas syringae (Li et al. 2004 ). INP can catalyze extracellular ice formation as ice nuclei ). The truncated derivatives containing only the N-terminal domain of INP, such as InaQN, have served as anchoring motifs to direct green fluorescent protein (GFP) and phosphate-binding protein (PBS) onto the surface of E. coli and Pseudomonas putida, respectively (Li et al. , 2011 .
This study presented an approach to perform the surface projection of the P domain of the major capsid protein from HuNoVs (GI.1 and GII.4) onto E. coli BL21 (DE3) cells. The study aims to directly develop an effective surrogate of HuNoVs. This cell surface display system can overcome the culturing difficulties of HuNoVs; as such, this surrogate can be easily collected and operated to investigate the virus-receptors interaction mechanisms.
MATERIALS AND METHODS

Bacterial strains and culture conditions
E. coli DH5α and BL21 (DE3) (TaKaRa, Japan) were used to construct various recombinant plasmids and to express target proteins.
Recombinant E. coli BL21 (DE3) strains harboring various recombinant plasmids were grown in LuriaBertani (LB) medium containing 100 μg mL -1 of kanamycin (Kan) at 37ºC. To express the target proteins, when the OD600 (optical density) of the cell suspensions reached 0.6, isopropyl-β-D-thiogalacto -side (IPTG) was added at a final concentration of 0.1 mmol L -1 . The cells were further incubated at 20ºC for 24 h with shaking of 200 rpm.
Gene cloning and plasmids construction
The plasmids and primers used in this study are listed in Table 1 The recombinant plasmids pET28a-inaQN-P (GI.1), pET28a-P (GI.1), pET28a-inaQN-P (GII.4), and pET28a-P (GII.4) were constructed as follows ( Fig. 1 ): For pET28a-inaQN-P (GI.1), a 909 bp fragment, which encodes the P domain gene of VP1 in HuNoV GI.1, was amplified by PCR with primers P1F and P1R from plasmid pMD19-P1. The fragment was digested with Bgl II and Hind III, followed by digestion of 525 bpinaQN fragment from pMB102 at the Nco I/Bgl II sites. Two fragments were ligated into the Nco I/Hind III sites of pET28a. For pET28a-P (GI.1), the Bgl II/Hind III digested fragment was ligated into pET28a at the same digestion sites. For the pET28a-inaQN-P (GII.4) and pET28a-P (GII.4), a 948 bp fragment of the P domain gene of VP1 in HuNoV-GII.4 was amplified with primers P2F and P2R from plasmid pMD19-P2. The strategy was identical the one described above, except that the restriction enzymes for the P domain gene were Bgl II and EcoR I. All recombinant plasmids were confirmed by sequencing at the Sangon Biotech (Shanghai) Co., Ltd (China).
Bacterial growth curve
Recombinant E. coli BL21 (DE3) strains harboring various recombinant plasmids were cultured as describe above. The bacterial growth curves were detected according to Johnson & Case 2012.
Optimization of induction condition
For the influence of IPTG concentration on the fusion proteins expression, recombinant strains harboring pET28a-inaQN-P (GI.1) or pET28a-inaQN-P (GII.4) were cultured as described above with the IPTG final
and 0.9 mmol L -1 , respectively.
For the influence of induction temperature on the fusion proteins expression, recombinant strains were cultured as described above with the induction temperatures of 15ºC, 20ºC, 25ºC, 28ºC, 30ºC and 35ºC, respectively.
For the influence of induction time on the fusion proteins expression, recombinant strains were cultured as described above with the induction times of 12 h, 15 h, 18 h, 21 h and 24h, respectively.
All the bacterial suspensions were collected and a SDS-PAGE electrophoresis analysis was carried out according to Li et al (2009).
Immunofluorescence microscopy
Recombinant E. coli BL21 (DE3) cells displaying fusion proteins were examined by immunofluorescence microscopy (Olympus, Japan) as previously described ). Anti-VP1 (GI.1) or anti-VP1 (GII.4) polyclonal antisera were purchased from Friendbio Science and Technology (Wuhan) Co., Ltd., Hubei, China. The polyclonal antisera (1:5000) were used as the primary antibodies. The FITC-conjugated goat anti-mouse IgG (Thermo Fisher, USA) with a dilution of 1:100 was used as the secondary antibody.
Statistical analysis
Data were analyzed by OriginPro (version 8). Each experiment was performed at least three times with independent replicates. One-way ANOVA was used and differences among means were considered significant when p<0.05.
RESULTS
Expression of InaQN-P (GI.1) and InaQN-P (GII.4) in E. coli BL21 (DE3)
A surface display system in E. coli BL21 (DE3) was successfully developed with the InaQN anchor in a previous work ). To target the P domain of VP1 from HuNoV onto the surface of E. coli BL21 (DE3), the InaQN anchor was used for the expression of InaQN-P (GI.1) and InaQN-P (GII.4) fusion proteins ( Figure 1 ). The P domain coding fragments were cloned from the recombinant plasmids harboring the VP1-coding genes of HuNoV GI.1 and GII.4, respectively. The sequences of the VP1-coding gene were confirmed to be identical to those of the open readingframes. In addition, the recombinant E. coli BL21 (DE3) strains harboring plasmids pET28a-P (GI.1) or pET28a-P (GII.4) were constructed for the intracellular expression of the P domain from HuNoV to be used as controls.
Optimization of culture and induction condition
The growth curve was carried out to confirm the influence of recombinant plasmids on the bacterial growth. After incubation for 30 h (Figure 2 ), the recombinant strains with InaQN-P fusion proteins showed extremely same growth curves as the recipient strain E. coli BL21 (DE3). The results demonstrated that recombinant strains harboring different recombinant plasmids had no burden for the cell growth. The optimization of IPTG concentration, induction temperature and induction time were further performed. The SDS-PAGE analysis was used to evaluate the expressing of fusion proteins. The results indicated that the optimized induction conditions for expressing InaQN-P (GI.1) orInaQN-P (GII.4) fusion proteins were as follows: IPTG was added at a final concentration of 0.1 mmol L -1 ; then, incubatedat 20 ºC for 24 h after the OD600 of the cell suspensions reached 0.6 (data now shown). Figure 1 . Gene maps of the recombinant plasmids pET28a-inaQN-P (GI.1), pET28a-P (GI.1), pET28a-inaQN-P (GII.4), and pET28a-P (GII.4). Plasmid pET28a was used as a parent vector. PT7, T7promotor; inaQN, N-terminal sequence of inaQ; P (GI.1), P domain DNA coding sequence of the major capsid protein from HuNoV GI.1; P (GII.4), P domain DNA coding sequence of the major capsid protein from HuNoV GII.4; Kan, kanamycin-resistant gene; ori, pBR322 origin; lacI, overexpressed lac repressor. pET28a-inaQN-P (GI.1) Kan r , a pET28a derivative harboring the inaQN and P domain encoding gene from norovirus GI.1
This study pET28a-P (GI.1) Kan r , a pET28a derivative harboring the P domain encoding gene from norovirus GI. 1 This study pET28a-inaQN-P (GII.4) Kan r , a pET28a derivative harboring the inaQN and P domain encoding gene from norovirus GII. 4 This study pET28a-P (GII.4) Kan r , a pET28a derivative harboring the P domain encoding gene from norovirus GII. 4 This study
5'-GAATTCTTATAGTGCACGCCTACGCC-3' (EcoR I)
Surface localization of InaQN-P (GI.1) and InaQN-P (GII.4)
To verify the surface localization of InaQN-P (GI.1) and InaQN-P (GII.4) on E. coli BL21 (DE3) cells, immunofluorescence microscopy was performed ( Figure 3 ). Recombinant cells expressing the InaQN-P (GI.1) or InaQN-P (GII.4) fusion protein were clearly visualized as fluorescent spots on the cell surface. By contrast, E. coli BL21 (DE3) cells expressing the intracellular P domain from HuNoV GI.1 and GII.4 were unable to interact with the externally added anti-VP1 (GI.1) or anti-VP1 (GII.4) polyclonal antisera and the FITC-conjugated secondary antibody. Microscopic observation of recombinant E. coli BL21 (DE3) harboring the pET28a-inaQN-P (GI.1), pET28a-P (GI.1), pET28a-inaQN-P (GII.4), or pET28a-P (GII.4) plasmid. Cells were treated with anti-VP1 (GI.1) or anti-VP1 (GII.4) polyclonal antisera, followed by the goat anti-mouse FITC-conjugated antibody. Panels show micrographs from phase contract microscopy and fluorescence microscopy.
DISCUSSION
The attachment of a virus to the host cellular receptors is an initial step of viral infection (Bomsel & Alfsen 2003) . In HuNoVs, the P domain of VP1 is responsible for the specificity of receptor binding (Tan et al. 2008 ). Both the P domain and VP1 can be expressed in E. coli (Tan et al. 2004a, b) .The P domain forms the P particle in vitro (Tan et al. 2004b ). Both the P particle and VP1 are extremely stable and retain significantly high binding affinity to the receptor (Tan & Jiang 2005b , Tan et al., 2008 , Tan et al., 2011 . In our study, the P domains from HuNoVs GI.1 and GII.4 were chosen for the construction of a bacterial cell surface display system for the following reasons: (i) HuNoV GI.1 represents a prototype Norwalk virus and GII.4 has been the predominant strain during the epidemics of the past decades (Moore et al., 2015) .
(ii) Compared with VP1, the P domain is shorter, thereby making it easier to transport through the cell membrane and easier to localize on the bacterial surface via the InaQN anchor. In addition, the P domain has the same antigenicity and receptor binding properties as VP1. (iii) The shorter coding gene fragment is much easier to manipulate in molecular level.
Results in this study indicated that the expression of the InaQN-P fusion protein had no significant influence on the growth and metabolism of the host cells (Figure 2 ). Although the displayed P domain on the bacterial surface did not form particles, our results suggested that the surface-displayed P domain maintained excellent antigenicity. In Figure 3 , the displayed proteins on the cell surface were recognized by viral primary antibodies. Therefore, as an anchoring motif, InaQN could successfully target the P domain to the cell surface and effectively maintain the main structure and antigenicity of the P domain. Therefore, this bacterial surface display system could be a good candidate for the further study on the interaction between HuNoVs and their receptors.
The INP-based anchoring motif displayed various passenger proteins, including the hepatitis B virus surface antigen (Kim and Yoo 1999), human immunodeficiency virus type 1 gp120 (Kwak et al., 1999) , and the single chain antibody fragment (ScFv) against the human oncoprotein c-myc (Bassi et al., 2000) , among others. In this study, the InaQN anchor appears to be ideal for targeting the P domain of VP1 from HuNoVs onto the surface of host cell. So far, several viruses remain uncultivated in vitro. The cell surface display system can be a good approach for mining viral receptors in the environments.
CONCLUSIONS
In conclusion, a bacterial surface display system was successfully constructed using InaQN as an anchoring motif and P domain from the capsid protein of HuNoVs as a passenger protein. We demonstrated that the surface-displayed P domain maintained the antigenicity of HuNoVs. The surface display system reported in this study could be a good candidate for exploring viral receptors in the environment.
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